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Abstract. Substantial changes in anthropogenic aerosols
and precursor gas emissions have occurred over recent
decades due to the implementation of air pollution con-
trol legislation and economic growth. The response of at-
mospheric aerosols to these changes and the impact on cli-
mate are poorly constrained, particularly in studies using de-
tailed aerosol chemistry–climate models. Here we compare
the HadGEM3-UKCA (Hadley Centre Global Environment
Model-United Kingdom Chemistry and Aerosols) coupled
chemistry–climate model for the period 1960–2009 against
extensive ground-based observations of sulfate aerosol mass
(1978–2009), total suspended particle matter (SPM, 1978–
1998), PM10 (1997–2009), aerosol optical depth (AOD,
2000–2009), aerosol size distributions (2008–2009) and sur-
face solar radiation (SSR, 1960–2009) over Europe. The
model underestimates observed sulfate aerosol mass (nor-
malised mean bias factor (NMBF) =−0.4), SPM (NMBF
=−0.9), PM10 (NMBF =−0.2), aerosol number concentra-
tions (N30 NMBF=−0.85; N50 NMBF=−0.65; and N100
NMBF =−0.96) and AOD (NMBF =−0.01) but slightly
overpredicts SSR (NMBF= 0.02). Trends in aerosol over the
observational period are well simulated by the model, with
observed (simulated) changes in sulfate of −68 % (−78 %),
SPM of −42 % (−20 %), PM10 of −9 % (−8 %) and AOD
of −11 % (−14 %). Discrepancies in the magnitude of sim-
ulated aerosol mass do not affect the ability of the model to
reproduce the observed SSR trends. The positive change in
observed European SSR (5 %) during 1990–2009 (“bright-
ening”) is better reproduced by the model when aerosol ra-
diative effects (ARE) are included (3 %), compared to simu-
lations where ARE are excluded (0.2 %). The simulated top-
of-the-atmosphere aerosol radiative forcing over Europe un-
der all-sky conditions increased by > 3.0 W m−2 during the
period 1970–2009 in response to changes in anthropogenic
emissions and aerosol concentrations.
1 Introduction
Aerosols can cause acid deposition, degradation of atmo-
spheric visibility, changes to Earth’s radiative balance, and
are also a major source of air pollution, which affects human
health. Aerosols interact with climate by absorbing and re-
flecting incoming solar radiation and by modifying the mi-
crophysical properties of clouds. These effects have been
defined in the latest Intergovernmental Panel on Climate
Change (IPCC) report (Boucher et al., 2013) as aerosol–
radiation interactions (ARI) and aerosol–cloud interactions
(ACI). Aerosols (also referred to as particulate matter (PM))
are detrimental to air quality and human health, as parti-
cles below a certain size can penetrate into the lungs causing
respiratory and cardiovascular problems (COMEAP, 2010).
Strategies that attempt to mitigate climate change and poor
air quality are inherently connected and have the potential to
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induce both benefits and penalties for either depending on the
particular species targeted (Arneth et al., 2009; Ramanathan
and Feng, 2009; Fiore et al., 2012).
Here we use a global coupled chemistry–climate model to
improve our understanding of changes in aerosols over Eu-
rope from 1960 to 2009. The climate impact of aerosols over
this period, in response to emission changes, was calculated
as an aerosol radiative forcing. An assessment of the con-
fidence in this effect was obtained from the ability of the
model to reproduce observed long-term changes in a num-
ber of aerosol properties including mass concentrations and
aerosol optical depth (AOD).
Anthropogenic emissions of aerosol particles and their
precursors have increased significantly since pre-industrial
times. For example, global SO2 emissions have increased by
a factor of 60 from the pre-industrial to a peak in the 1970s
(Lamarque et al., 2010; Granier et al., 2011; Smith et al.,
2011). However, from the 1980s onwards, regional reduc-
tions in anthropogenic emissions (mainly North America and
Europe) have occurred due to air quality mitigation strate-
gies, which has led to a decline in European SO2 emissions
of 73 % between 1980 and 2004 (Vestreng et al., 2007; Hand
et al., 2012). Anthropogenic emissions of oxides of nitrogen
(NOX), carbon monoxide (CO) and black carbon (BC) have
also decreased over Europe between 1980 and 2010 by 30, 58
and 55 % respectively (Granier et al., 2011). Conversely, an-
thropogenic emissions from eastern Asia have increased due
to population growth and economic development, leading to
an increase in SO2 emissions of a factor of 7 from the 1960s
to the present day (Smith et al., 2011).
Changes in anthropogenic emissions and aerosol con-
centrations affect Earth’s climate (Arneth et al., 2009; Ra-
manathan and Feng, 2009; Fiore et al., 2012). The effect of
past and future changes in emissions on aerosols and their
associated climate impacts is uncertain (Penner et al., 2010;
Chalmers et al., 2012). In addition, emission inventories of
aerosols and their precursor species account for large uncer-
tainty in models (de Meij et al., 2006). It is therefore impor-
tant to understand and evaluate the changes to aerosol pro-
cesses and properties that have occurred over recent decades
where we have aerosol measurements.
Ground-based monitoring networks providing observa-
tions of aerosol concentrations and physiochemical proper-
ties were established following air pollution control legisla-
tion. The longest continuous measurements of aerosols are
available in North America and Europe from the 1970s to
present day. In Europe, observations of aerosol mass con-
centrations (both sulfate and total) are available from the
European Monitoring and Evaluation Programme (EMEP)
network (Tørseth et al., 2012) and similar data for North
America are available from the Integrated Monitoring of
Protected Visual Environments (IMPROVE) network (http:
//vista.cira.colostate.edu/improve/). In addition, AOD has
been monitored in Europe over the last decade by the ground-
based Aerosol Robotic Network (AERONET) (Holben et al.,
1998). There are limitations in the spatial and temporal ex-
tent of the data from these networks, as well as in the consis-
tency of the instrumental techniques used and components
measured throughout the monitoring period. However, they
do provide a useful source of multidecadal aerosol data with
which to evaluate model predictions.
Several studies have analysed long-term trends in observed
aerosols. Tørseth et al. (2012) used observations from the
EMEP network to show a decline in sulfate aerosol mass
from the 1970s to present day and a decline in PM10 (mass of
particles with diameter < 10 µm) from 2000 to 2009. Asmi
et al. (2013) and Barmpadimos et al. (2012) reported a re-
duction in the aerosol number and mass concentration over
the last 10–15 years across Europe. However, Collaud Coen
et al. (2013) found no significant changes in aerosol optical
properties over Europe for a similar period. Similarly, Harri-
son et al. (2008) analysed changes in aerosol mass concen-
trations over the UK and reported relatively stable concen-
trations over 2000–2010, even when emission reductions are
anticipated to have occurred.
Evaluating the ability of chemistry–climate models to re-
produce observed trends is necessary in order to reliably pre-
dict the climate effects of aerosols over this period. Many
studies qualitatively match the direction of observed trends
in aerosol but underestimate both absolute concentrations
and the magnitude of observed trends (Berglen et al., 2007;
Colette et al., 2011; Koch et al., 2011; Chin et al., 2014).
Leibensperger et al. (2012) used the chemical transport
model (CTM) GEOS-Chem to evaluate aerosol trends over
the USA at decadal time slices and found that sulfate but not
BC was represented well by the model. A multimodel assess-
ment of aerosol trends in Europe over the last decade showed
models successfully simulate observed negative trends in
PM10 but fail to reproduce the positive trends observed at
some locations and typically underestimate absolute concen-
trations (Colette et al., 2011). Observed reductions in sulfate
over Europe have also been underestimated by other studies
(Berglen et al., 2007; Koch et al., 2011). Over Europe, Skeie
et al. (2011) reproduced the observed change in decadal av-
erage sulfate concentrations but overestimated nitrate aerosol
concentrations.
Several studies (Lamarque et al., 2010; Shindell et al.,
2013) have also assessed long-term changes in AOD. Lamar-
que et al. (2010) evaluated simulations of present day AOD
against AERONET observations and reported a relatively
good reproduction of interannual variability, except in re-
gions of high AOD. Shindell et al. (2013) assessed AOD from
the models involved in the Atmospheric Chemistry and Cli-
mate Model Intercomparison Project (ACCMIP) and showed
that most captured the observed trends between 1980 and
2010 relatively well, although many were underpredicted in
the present day, particularly over eastern Asia.
Changes in surface solar radiation (SSR) do not provide a
direct measurement of aerosols but they can be used to infer
their influence on the surface radiation balance.The Global
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Energy Balance Archive (GEBA) provides long-term obser-
vations of SSR from the 1950s until present day over a large
part of Europe (Sanchez-Lorenzo et al., 2013). These mea-
surements can also be used as a general measure to vali-
date radiation balance predictions from global climate mod-
els against the observed surface variations. Such observa-
tions have shown that the European “dimming” period of
the 1980s and the subsequent “brightening” period of the
1990s–2000s can be attributed partly to changes in clouds,
concentrations of aerosols and aerosol–cloud effects (Wild,
2009). Model simulations have been evaluated against SSR
observations and demonstrated issues in simulating the tim-
ing and magnitude of observed SSR trends. In an assessment
of the models contributing to the 5th Coupled Model Inter-
comparison Project (CMIP5), Allen et al. (2013) showed that
the dimming trend over Europe was underestimated in all
models, potentially due to an under-represented aerosol di-
rect effect. However, the CMIP5 models were able to repro-
duce the observed brightening trend. Folini and Wild (2011)
performed transient simulations with ECHAM5-HAM over
Europe (with interactive aerosols) and found that simulated
reductions in SSR occurred too early in the model, whereas
the increase in SSR was correctly timed. Using a regional cli-
mate model over Europe driven by reanalysis data, Chiacchio
et al. (2015) overestimated SSR, simulated a premature onset
of dimming and demonstrated that only simulations includ-
ing aerosols were able to reproduce the observed brightening
trend. In addition, Koch et al. (2011) simulated the correct
interdecadal variability in SSR but underestimated the mag-
nitude of observed SSR.
These previous studies have either simplified their treat-
ment of aerosols or the model was evaluated against a lim-
ited range of aerosol properties over a relatively coarse spa-
tial and temporal scale. The importance of studies at re-
gional spatial scales was also highlighted as changes in
aerosols at this level can potentially be masked by compen-
satory changes observed on the global scale. Here we simu-
late monthly-mean aerosol concentrations from 1960 to 2009
using the HadGEM3-UKCA (Hadley Centre Global Envi-
ronment Model-United Kingdom Chemistry and Aerosols)
global chemistry–climate model, which includes aerosol mi-
crophysics (aerosol number and mass size distributions). We
evaluate the ability of the model to consistently capture ob-
served changes in bulk in situ aerosol properties (PM, aerosol
size distributions and chemical components) as well as radia-
tive properties (AOD, SSR) over Europe. We also calculate
the regional top of atmosphere radiative perturbations due to
simulated changes in aerosols. This has enabled a detailed re-
gional analysis and evaluation of the changing radiative im-
pact of aerosols due to variations in emissions.
Section 2 describes the HadGEM3-UKCA model, the sim-
ulations performed and the long-term observations used. Sec-
tion 3 discusses and evaluates the simulated changes to Euro-
pean aerosols and surface solar radiation. Section 4 presents
aerosol radiative forcing over Europe. Conclusions are pre-
sented in Sect. 5.
2 Methods
2.1 Model description and simulations
2.1.1 General
We used the coupled chemistry–climate model HadGEM3-
UKCA to study the interaction between chemistry, aerosols
and the impacts on the radiation balance of the climate sys-
tem. HadGEM3-UKCA is part of the third generation of
the Met Office’s Hadley Centre Global Environment Model
(HadGEM) family, which incorporates an online treatment of
chemistry and aerosols through the United Kingdom Chem-
istry and Aerosols (UKCA) programme. The Met Office Uni-
fied Model (UM) acts as the dynamical core and provides
the components for atmospheric transport and tracer mixing.
This is based on the dynamics implemented by Davies et al.
(2005) and includes processes such as large-scale advection,
convective uplift and boundary layer mixing. A description
of the atmosphere-only version of HadGEM3 is provided in
Hewitt et al. (2011). Morgenstern et al. (2009) and O’Connor
et al. (2014) describe the incorporation and evaluation of
UKCA into HadGEM.
HadGEM3-UKCA is used here in atmosphere-only mode.
We output monthly 3-D aerosol and radiation fields for the
years 1960–2009 at a resolution of 1.875◦× 1.25◦ (approxi-
mately 140 km at mid latitudes) with 63 vertical levels up to
40 km. The 3-D meteorological fields were nudged at 6 h in-
tervals to the European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis (ERA-40) (Uppala et al.,
2005) for the years 1960–2000 and ERA-Interim (Dee et al.,
2011) for 2000–2009. Sea surface temperatures and sea ice
fields were prescribed in accordance with those used in
CMIP5 (Hurrell et al., 2008). Coupling between the land sur-
face and atmosphere was simulated using the Met Office Sur-
face Exchange Scheme (MOSES; Essery et al., 2002). By
nudging to reanalysis data, we ensure that the model pro-
duces a realistic representation of the meteorological condi-
tions under which aerosol observations were taken.
Tropospheric ozone, HOX, NOX and VOC (volatile or-
ganic compounds) chemistry was calculated using the mech-
anism described by O’Connor et al. (2014), which includes
reactions of odd oxygen (OX), nitrogen (NOY ), hydrogen
(HOX =OH + HO2) and CO, as well as methane and other
short chain non-methane VOCs. The scheme has been ex-
tended to include additional sulfur (Mann et al., 2010),
monoterpene (Spracklen et al., 2006) and isoprene (Scott
et al., 2014) chemistry.
The Fast-J photolysis scheme is implemented within
UKCA to calculate online photolysis rates based on the dis-
tribution of clouds, ozone and aerosols (Wild et al., 2000).
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Dry and wet deposition of gas-phase species is described in
O’Connor et al. (2014).
HadGEM3-UKCA uses the modal aerosol scheme of
the Global Model of Aerosol Processes (GLOMAP mode)
(Mann et al., 2010). GLOMAP mode uses log-normal modes
to represent the aerosol size distribution and simulates the
evolution of the size-resolved number and mass of aerosol
particles with different compositions. GLOMAP simulates
the interaction of various aerosol processes including size-
resolved primary emissions, cloud processing, new particle
formation, hygroscopic growth, coagulation, condensation,
deposition and scavenging. Log-normal modes are used to
represent aerosols in the nucleation (diameter (D) < 10 nm),
Aitken (D 10–100 nm), accumulation (D 100 nm–1 µm) and
coarse (D > 1 µm) modes. In this study the model is set up
to simulate sulfate, BC, organic carbon (OC) and sea salt
aerosol in five different modes (four soluble and one in-
soluble Aitken modes). Secondary organic aerosol (SOA)
is formed from products of monoterpene oxidation, which
are generated at 13 % yield and assumed to be involatile
(Spracklen et al., 2006). There is no representation of ammo-
nium nitrate in this version of the model. Mineral dust is sim-
ulated using a separate six-bin scheme developed by Wood-
ward (2001) and covers particle sizes from 0.03 to 30 µm in
radius.
2.1.2 Aerosol radiative effects
The Edwards–Slingo radiation code (Edwards and Slingo,
1996) calculates changes in Earth’s radiation balance from
chemical and aerosol species. ARI (aerosol direct effects)
are calculated according to Bellouin et al. (2013) from
waveband-averaged scattering and absorption coefficients
obtained from modelled size distributions and a volume-
weighted average of component refractive indices within
each mode. GLOMAP-mode provides the aerosol fields for
the calculation of ACI online within the model, in accordance
with that described in Bellouin et al. (2013). Simulated cloud
condensation nuclei (CCN) concentrations are used to calcu-
late cloud droplet number (CDN) concentrations based on
the empirical relationship derived by Jones et al. (2001). The
cloud albedo effect is calculated using simulated CDN. The
coupling of UKCA to the precipitation scheme potentially al-
lows for the effect of aerosols on cloud lifetime (rapid adjust-
ments for ACI) to be diagnosed. This can be done by calcu-
lating the influence they have on CDN concentrations, cloud
effective radius and ultimately the auto-conversion of cloud
drops to precipitation, as described in Jones et al. (2001).
However, in this study, because we nudge to reanalysis fields,
the changes in the radiative balance due to aerosols are not
allowed to feedback on to the meteorology.
The radiation scheme was called twice for each time step
(every 30 m) in a double-call radiation configuration (Bel-
louin et al., 2013). The first call uses the modelled aerosol
fields and the second call uses an aerosol-free atmosphere
for the clear-sky radiative calculation and a prescribed de-
fault CDN field (based on an aerosol climatology) for the
cloud radiation calculation. This approach therefore elimi-
nates the model’s radiatively-driven response to changes in
aerosols, enabling the radiative forcing from ARI and ACI
to be calculated with no rapid adjustments to clouds permit-
ted from either effect. Here we calculate an aerosol radiative
forcing (only from the direct and first indirect effects) as the
difference between monthly values in each year of the sim-
ulation and the monthly mean aerosol radiative state in the
period 1980–2000. An estimate of the cloud albedo effect
(first aerosol indirect) can be obtained by subtracting the ra-
diative effect obtained under all-sky conditions from those
under clear skies.
2.1.3 Aerosol emissions
Sea salt emissions are calculated using the surface wind
speed and the parameterisation of Gong (2003). Emissions
from tropospheric volcanoes (both continuous and explo-
sively erupting) are included from Andres and Kasgnoc
(1998) and Halmer et al. (2002) using the AEROCOM rec-
ommendations. Dimethyl sulfide (DMS) emissions are cal-
culated from monthly seawater concentration fields (Ket-
tle and Andreae, 2000) and a wind speed dependent air–
sea exchange parameterisation (Liss and Merlivat, 1986).
Wildfire (biomass burning) emissions are from the MACC-
ity (MACC/CityZEN EU projects) inventory (Granier et al.,
2011) for 1980–2009 and from the RETRO inventory from
1960 to 1980 (Schultz et al., 2008). Monoterpene emissions
from vegetation are prescribed as monthly mean fields from
Guenther et al. (1995). Dust emissions from the surface are
calculated online using a six-bin scheme (Woodward, 2001)
and depend on the particle size distribution of the soil, sur-
face soil type (represented by a bare soil fraction), soil mois-
ture and wind speed. Dust is emitted when the wind speed
exceeds a threshold value and if the soil moisture is below a
certain level.
Monthly mean anthropogenic emissions of CO, SO2,
NOX, OC and BC from 1960 to 2009 are taken from the
MACCity inventory (Granier et al., 2011). Emissions are pro-
vided at a 0.5◦ by 0.5◦ resolution and are based on those
from ACCMIP and the IPCC Reference Concentration Path-
way (RCP) scenario 8.5 for energy, transportation, industry,
shipping, agriculture, residential and waste sectors.
Figure 1 shows the European and regional domains used
throughout this study. Figure 2 shows the emissions of SO2,
OC, BC, NH3 and NOX across Europe from the MACC-
ity inventory between 1960 and 2009. Anthropogenic emis-
sions of SO2 over the European domain have increased from
33 Tg yr−1 in 1960 to a peak of 46 Tg yr−1 in 1980 before
decreasing at a relatively constant rate to 11 Tg yr−1 in 2009
(Fig. 2a). Between 1980 and 2009, European anthropogenic
SO2 emissions in this data set declined by 70 %, in agreement
with previous assessments (Vestreng et al., 2007; Tørseth
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et al., 2012). The emissions of NOX have decreased by 20 %
and followed a similar temporal trend to SO2. A continuous
decline in BC and OC emissions occurred from the 1960s to
present day, due to reductions in the residential sector, par-
tially offset by recent increases from the transportation sec-
tor. The emissions of NH3 across Europe (not used as part
of the aerosol scheme in this study due to the absence of
ammonium nitrate) increased continuously over the period
1960–2009, driven largely by the agriculture sector.
Figure 2b–f show the annual emissions of each species
from the MACCity inventory across the individual European
regions. Emissions of OC (Fig. 2f) and SO2 (Fig. 2b) have
decreased across all the different European regions. Emis-
sions of NOX and BC (Fig. 2c, e) increase until the 1980s–
1990s before declining across all regions, except in southern
Europe. Anthropogenic emissions from northern and cen-
tral Europe have declined from the 1980s onwards, whereas
emissions from southern Europe have either increased or re-
mained unchanged.
2.2 Observations
Ground-based measurements of aerosols used in this study
are listed in Table 1 and include aerosol mass concentra-
tions (sulfate and total mass) from the EMEP network (http://
www.emep.int), AOD from AERONET (http://aeronet.gsfc.
nasa.gov/), aerosol size distributions from EUSAAR (Eu-
ropean Supersites for Atmospheric Aerosol Research) and
GUAN (German Ultrafine Aerosol Network) (Asmi et al.,
2011) and SSR from the GEBA database (http://www.geba.
ethz.ch/history/index). All data used in this study are pre-
sented as either monthly or annual averages. Figure 1 shows
the location of all the measurement sites along with the five
regions of Europe. Figure 3 shows the temporal evolution in
the number of measurement sites used in this analysis for
each observation. We note that the number of locations re-
porting sulfate and SSR has declined since 2000.
2.2.1 EMEP observations
The EMEP network has reported the concentrations of sul-
fate and total aerosol mass at locations across Europe from
1978 until present day (Tørseth et al., 2012). Measurements
of total suspended particle matter (SPM) are an early mea-
sure of particulate matter and available from 1978 to 2005,
with most measurements from Germany, Switzerland and
Spain. However, only measurements up to and including
1998 are used due to the reduced availability of data in the
period 1999–2005 (Fig. 3). The SPM measurements cover all
particle sizes and may be influenced by local sources of very
large particles (diameter > 10 µm). Measurements of PM10
are available from EMEP from 1996 until present day. Sul-
fate aerosol mass measurements are available from 1978 until
present day.
We used sulfate aerosol mass, PM10 and total SPM from
the sites that have been continuously operating for more
than 5 years (Fig. 1a). The measurements were made us-
ing different measurement techniques and time frequencies
(hourly and daily). The raw data were screened to remove
any anomalous data points according to the flag in the origi-
nal data records. Monthly and annual mean values were then
calculated from the screened data for sites that had more than
75 % of measurements in the averaging period.
2.2.2 Aerosol size distribution
Aerosol size distribution data over Europe from the EU-
SAAR and GUAN ground-based monitoring sites have pre-
viously been collected and processed by Asmi et al. (2011)
over the period 2008–2009. Here we use the same 17 low
altitude sites as in the multimodel comparison by Mann
et al. (2014) to compare modelled and observed aerosol num-
ber concentrations at three different size fractions (> 30 nm
(N30), > 50 nm (N50) and > 100 nm (N100) dry diameter)
over the period 2008–2009.
2.2.3 AOD
The AERONET program is a ground-based network of sun
photometers, currently with more than 200 sites providing
aerosol optical, microphysical and radiative properties (Hol-
ben et al., 1998). Observed AOD values are available over
Europe from the mid-1990s but most sites only started oper-
ating within the last 10 years (Fig. 3) and there are relatively
few consistent long-term data sets available before 2000. We
used the Level 2.0 data product (cloud-screened and qual-
ity assured) from 20 sites that have been operating for longer
than 5 years over Europe between 2000 and 2009. AOD mea-
surements have the best record for wavelengths of 440, 500
and 675 nm. We used the 440 nm wavelength as it has the
best spatial and temporal coverage.
2.2.4 Surface solar radiation
GEBA contains worldwide measurements of energy fluxes at
the surface from more than 2000 sites, with the highest den-
sity over Europe. Monthly mean values of incident SSR (ex-
pressed as mean irradiance, in W m−2) have been obtained
from 56 sites across Europe starting before the 1970s, pro-
vided by Sanchez-Lorenzo et al. (2013), and include more
than 20 sites that have data in the 1960s. The length of this
observational record enabled the model evaluation to be ex-
tended prior to the availability of sulfate data. These mea-
surements therefore enable an indirect evaluation of aerosol
changes in the model across the entire time period of the sim-
ulations and also the validation of how changes in aerosols
can affect Earth’s radiation balance.
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Figure 1. Location of measurements used in this study for (a) sulfate aerosol mass (∗), total aerosol mass (♦) and sites that have measured
both (×), (b) AOD () and surface solar radiation (+). Regional European definitions are north-western Europe (green), northern Europe
(red), central Europe (blue), eastern Europe (orange) and southern Europe (purple).
Figure 2. Annual European emissions (Gg yr−1) of aerosols and aerosol precursors from the MACCity inventory over the period 1960–2009.
(a) Total European emissions of sulfur dioxide (SO2, orange), organic carbon (OC, light green), black carbon (BC, black), ammonia (NH3,
light purple) and oxides of nitrogen (NOX , blue). (b)–(f) show European regional emissions for (b) SO2, (c) NOX , (d) NH3, (e) BC and (f)
OC. Regions are as defined in Fig. 1: northern (red), north-western (green), central (blue), eastern (orange), southern (purple).
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Table 1. Details of the ground-based observations used in this study.
Data Measurements Period Total number of
source sites available
EMEP total sulfate aerosol mass concentrations 1978–2009 97
EMEP total suspended particle mass concentrations 1978–2005 42
EMEP PM10 mass concentrations 1996–2009 52
EUSAAR and GUAN aerosol number concentrations greater than 30 nm 2008–2009 24
(N30), 50 nm (N50) and 100 nm (N100) in dry diameter
AERONET aerosol optical depth (AOD) 1994–2009 21
GEBA surface solar radiation (SSR) 1928–2009 50
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Figure 3. Temporal variation in the number of locations measuring
surface solar radiation (SSR), sulfate aerosol mass (SO4), total sus-
pended particle mass (SPM), PM10 mass and aerosol optical depth
(AOD).
2.3 Model evaluation metrics
Comparisons were made using monthly and annual mean
values at individual monitoring locations and also across Eu-
rope as a whole. Model values were linearly interpolated to
each measurement site using the relative contribution from
the four closest surrounding model grid squares. The abso-
lute and percentage change in the simulated and observed
values of sulfate, SPM, PM10, AOD and SSR were calcu-
lated as the difference between the mean of the initial 5 years
and the most recent 5 years of data.
The temporal trend in simulated and observed data was
calculated by fitting an ordinary least squares linear model to
the data using the function
Yi = a+ bXi(i = 1, . . .,n). (1)
The standard error (SE) of the trend line was used to provide
an assessment of the error. For each simulated and observed
trend, ± two SE in the gradient was applied to provide an
uncertainty range. Firstly, the standard deviation of the resid-
uals (σ ) was determined and then used to calculate the SE.
The simulated temporal trends were evaluated by compar-
ing against observed trends; if the gradient of the simulated
and observed trends are within ± two SE of each other we
considered them to be similar.
An assessment of model accuracy is provided here by cal-
culating the normalised mean bias factor (NMBF) of the
model when compared to the observations (Yu et al., 2006).
This metric is symmetric (i.e. not biased towards underpre-
diction or overprediction) and is not biased when a low num-
ber of observed values are used. It is defined as
NMBF= S [exp(∣∣ln(M¯/O¯)∣∣)− 1] , (2)
where
S = (M¯ − O¯)/ ∣∣M¯ − O¯∣∣ . (3)
where M represents the model values and O represents the
observed values. The sign of the NMBF indicates whether
the model underestimates (negative) or overestimates (posi-
tive) the observed values. For a negative NMBF, the model
values are a factor of 1−NMBF below the observed values
and for a positive NMBF the model values are a factor of
1+NMBF above the observations (Yu et al., 2006). That is,
NMBF =−0.5 means the model is a factor 1.5 low biased
and NMBF = 0.5 means the model is a factor 1.5 high bi-
ased.
The goodness of fit between the model and observations
is obtained by calculating the square of the linear Pearson
correlation coefficient. A measure of the difference between
model and observational values is provided by calculating
the root mean square error (RMSE).
3 Results
3.1 Simulated european aerosols and surface solar
radiation from 1960 to 2009
Figure 4a shows the simulated European (land only) mass
concentrations of the different aerosol components over the
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period 1960–2009. Simulated PM10 declines from the early
1980s until 2009, coinciding with the reduction in anthro-
pogenic emissions (Fig. 2). Continually decreasing mass
concentrations of BC and OC are simulated between 1960
and 2009. Simulated sulfate mass concentrations increase
from 1960 to a peak around 1980 and decrease thereafter.
Figure 4b shows the change in simulated European surface
aerosol number concentrations over the total, N30, N50 and
N100 size fractions between 1960 and 2009. Aerosol number
concentrations across all size fractions increase from 1960 to
a peak in 1970 before declining to concentrations that are
50 % lower in 2009.
Simulated European AOD (Fig. 4c) increases from 1960
to a peak in 1973 before decreasing till 2009 to an AOD that
is lower than that simulated 1960. Figure 4d shows that simu-
lated European SSR decreases from 1960 to 1980 (dimming)
and then increases until 2009 (brightening).
3.2 Model evaluation
3.2.1 Sulfate aerosol mass
Figure 5a–d compare simulated single year annual mean sul-
fate concentrations over Europe for 1980, 1990, 2000 and
2009 against observations. Observed and simulated annual
mean European sulfate aerosol concentrations declined by
68 and 78 % respectively over the period 1978–2009 (Table
2). In 1980 (Fig. 5a) simulated and observed sulfate concen-
trations were largest in central Europe. In 2000 and 2009
(Fig. 5c, d) both simulated and observed sulfate concentra-
tions in central Europe declined substantially, with the largest
simulated concentrations over south-eastern Europe.
The model underestimates European annual mean sul-
fate aerosol mass concentrations in the period 1978–2009
(NMBF =−0.384, Table 2), with summertime concen-
trations overestimated (NMBF = 0.694) and wintertime
concentrations underestimated (NMBF =−2.19). Figure 6
shows the range of model bias in seasonal sulfate across Eu-
ropean regions for the period 1978–2009. In summer, ob-
served sulfate is underestimated by the model at the start of
the period before coming into closer agreement towards the
end of the period (Figs. 5e, 6). The model underestimates ob-
served summertime sulfate across northern and southern Eu-
rope (NMBF between 0 and −1), and overestimates sulfate
in central and eastern Europe (NMBF < 1).The model con-
sistently underestimates wintertime sulfate (NMBF of −1 to
−6) across all the European regions, with the largest discrep-
ancy occurring in northern Europe.
An underprediction of wintertime European sulfate con-
centrations has been previously reported and may be due
to an underestimation of oxidants in the model (Berglen
et al., 2007; Manktelow et al., 2007; Langmann et al.,
2008). In wintertime over northern Europe, the region with
largest model bias, low concentrations of H2O2 limit in-
cloud aqueous-phase oxidation of SO2. Under these condi-
tions, oxidation by ozone is the dominant sulfate formation
mechanism (Kreidenweis, 2003). We hypothesise that oxida-
tion by ozone could be under-represented in the model, re-
sulting in an underestimation of wintertime sulfate. This will
be explored further in a future publication. Model underesti-
mation could also be due to an artificially high wet deposition
rate of sulfate, caused by an enhanced occurrence of drizzle
precipitation within this version of the model (Walters et al.,
2011).
Although the model underestimates absolute sulfate con-
centrations, the simulated trend over the period 1978–2009
(−0.04± 0.002 µg S m−3 yr−1) is in good agreement with
the observed trend (−0.05± 0.002 µg S m−3 yr−1), at least
on a European-wide annual mean basis (Fig. 5e). These
trends can be considered similar as they are within two
standard errors of each other. The largest decline in both
simulated and observed sulfate concentrations occurred dur-
ing 1980–2000, when average concentrations changed by
−0.05 µg S m−3 yr−1. Between 1980 and 2000, average sim-
ulated and observed concentrations declined by 50–60 %,
corresponding to a 60–70 % decrease in anthropogenic emis-
sions of SO2 (Fig. 2). A smaller reduction in sulfate aerosol
mass of 13–18 % was simulated and observed in the pe-
riod 2000–2009, when average concentrations changed by
−0.015 µg S m−3 yr−1. Figure 7 compares the simulated and
observed linear trends in sulfate concentrations at all mea-
surement locations. The model reproduces the observed lin-
ear trends in the annual mean concentrations. However, lin-
ear trends in wintertime sulfate aerosol mass are underesti-
mated (by a factor of 3) but overestimated in summertime
(by a factor of 1.3). This corresponds with the calculated
NMBFs for winter and summertime mass concentrations,
which showed an under- and overprediction respectively.
3.2.2 Total aerosol mass
Figure 8a and b compare simulated and observed annual
mean total SPM concentrations over Europe in 1980 and
1990. The spatial changes in SPM over this period are less
distinct than for sulfate. Simulated and observed SPM de-
creases over central Europe and increases over eastern Eu-
rope between 1980 and 1990. In contrast to sulfate aerosol
mass, the simulated 20 % decrease in SPM mass concentra-
tions in the period 1978–1998 is considerably lower than the
50 % observed decrease.
The model underpredicts the observed European annual
mean SPM mass concentrations, with a NMBF of −0.88 in
the period 1978–1998 (Table 3). A consistent underpredic-
tion of observed SPM concentrations was modelled across
all European regions in both summer and winter (Fig. 9a).
The model substantially underpredicts SPM concentrations
in wintertime for southern and eastern Europe (NMBF of
−8 to −0.5). In summertime and across all European re-
gions the model underpredicts observations by a smaller
amount (NMBF of 0 to −2). The large underprediction of
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Figure 4. Simulated European annual mean (a) PM10 and composition-resolved surface mass concentration; (b) aerosol number concentra-
tion for particles with dry diameter > 3 (total), > 30 (N30), > 50 (N50) and > 100 nm (N100); (c) AOD at 440 nm; and (d) SSR between
1960 and 2009. Mean values are calculated over the European land domain shown in Fig. 1.
Table 2. Statistical summary of modelled and observed annual and seasonal (DJF and JJA) mean sulfate at all long-term (>20 years data)
measurement sites (34 sites) between 1978 and 2009. Absolute and relative ( %) changes in concentrations are calculated as the difference
between the mean of the initial 5 years of data minus the mean of the last 5 years of data. Trends that are above or below the value of twice
of the standard error of the trend (95 % confidence) are highlighted in bold.
Component Type Absolute change Standard deviation % Change in Calculated −2* SE +2* SE r2 NMBF RMSE
in concentration of mean value concentration linear trend of trend of trend
(µg S m−3) (µg S m−3 yr−1)
Sulfate annual observed −1.23 0.466 −68 % −0.048 −0.053 −0.043 0.434 −0.384 0.334
model −1.15 0.424 −78 % −0.044 −0.048 −0.040
Sulfate DJF observed −1.67 0.65 −73 % −0.064 −0.073 −0.055 0.385 −2.19 0.978
model −0.53 0.20 −75 % −0.020 −0.023 −0.017
Sulfate JJA observed −1.39 0.57 −70 % −0.056 −0.064 −0.048 0.434 0.694 1.17
model −3.35 1.34 −86 % −0.138 −0.152 −0.124
observed SPM mass concentrations could indicate that an
additional emission source or process for generating super-
micron aerosol mass is missing from the model, particularly
in the 1980s and early 1990s when the model bias is largest.
Figure 8c shows that the larger observed trend in Euro-
pean annual mean SPM mass over the period 1978–1998
of −1.19± 0.22 µg m−3 yr−1 is substantially different to the
simulated trend of −0.26± 0.12 µg m−3 yr−1 (Table 3). Fig-
ure 10a shows that the observed trends in SPM mass concen-
trations are underpredicted at all the measurement locations,
with little seasonal differences. The calculated trends in sim-
ulated and observed SPM values are considered to be differ-
ent as they are outside the range of ± two standard errors of
each trend line (Table 3).
Figure 8d and e compare simulated and observed annual
mean PM10 mass concentrations over Europe in 2000 and
2009. A slight reduction in PM10 mass concentrations of 8–
9 % was both observed and simulated over this period (Ta-
ble 3), with the largest reductions occurring over central and
north-eastern continental Europe.
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Figure 5. Annual mean sulfate aerosol mass concentrations (µg S m−3) from the lowest model level with observations overplotted in circles
for (a) 1980, (b) 1990, (c) 2000 and (d) 2009. (e) Time series of annual and seasonal mean observed (solid lines) and modelled (dashed lines)
sulfate concentrations averaged across all measurement locations for each particular year. Shaded areas show ±1 standard deviation of the
modelled (light grey) and observed (dark grey) annual mean values, with the hatching identifying areas of overlap.
The model generally underestimates observed PM10 mass
concentrations (NMBF of 0 to −1) for the majority of Euro-
pean regions and across most of the evaluated years (Fig. 9b).
An exception occurs across northern and north-western Eu-
rope in wintertime where the model overpredicts concen-
trations (NMBF of 0–2). This is potentially caused by an
overestimation of sea salt aerosol (as also seen in studies
by Mann et al., 2010, 2012), so it mostly affects coastal lo-
cations. Overall, the model simulates European PM10 mass
concentrations between 1997 and 2009 within a factor of 2
and is much improved when compared to the simulation of
total SPM between 1978 and 1998.
The temporal changes in PM10 mass concentrations
(Fig. 8f) highlight the smaller difference between simulated
and observed PM10 across Europe compared to SPM. The
linear trends for observed (−0.27± 0.24 µg m−3 yr−1) and
simulated (−0.14± 0.16 µg m−3 yr−1) PM10 mass concen-
trations over the period 1997–2009 are similar (gradients
within twice the standard error of each other) (Table 3). How-
ever, Fig. 10b shows that the magnitude of the observed
downward trends is slightly underpredicted at the majority of
measurement locations, with little difference between sum-
mer and winter.
The model underpredicts SPM mass concentrations by up
to 20 µg m−3 in the 1980s and PM10 by less than 5 µg m−3
in the 2000s. This larger underprediction in the 1990s could
be due to errors in the measurement of SPM, as most of
these observations are not well documented (Tørseth et al.,
2012) and may have substantial uncertainty. We compared
SPM and PM10 observations during a period when both vari-
ables were observed at six monitoring sites in Spain, and
found SPM was greater than PM10 by 6–17 µg m−3. Taking
this into account, along with the better model agreement for
PM10 mass, indicates that coarse-sized particles (D> 10 µm)
are under-represented by the model. Potential anthropogenic
sources of coarse particles that are not represented in the
model include road traffic dust and construction sources.
Underprediction of aerosol mass could be due to under-
estimation of aerosol processes, as well as missing aerosol
sources from the model. The model does not include nitrate
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Table 3. Statistical summary of modelled and observed annual and seasonal (DJF and JJA) mean SPM concentrations at all long-term
(> 20 years of data) measurement sites (34 sites) between 1978 and 1998. A similar comparison is presented for PM10 mass concentrations
at all long-term (> 10 years of data) measurement sites (16 sites) between 1997 and 2009. Absolute and relative (%) changes in concentrations
are calculated as the difference between the mean of the initial 5 years of data minus the mean of the last 5 years of data. Trends that are
above or below the value of twice of the standard error of the trend (95 % confidence) are highlighted in bold.
Component Type Absolute change Standard deviation % Change in calculated −2* SE +2* SE r2 NMBF RMSE
in concentration of mean value concentration linear trend of trend of trend
(µg m−3) (µg m−3 yr−1)
SPM Annual observed −18.32 7.96 −42 % −1.19 −1.41 −0.97 0.104 −0.88 18.04
model −4.11 2.36 −20 % −0.26 −0.39 −0.14
SPM DJF observed −24.50 10.81 −51 % −1.52 −1.91 −1.13 0.044 −0.852 19.39
model −3.95 3.82 −19 % −0.27 −0.52 −0.02
SPM JJA observed −14.80 7.74 −35 % −1.04 −1.36 −0.72 0.354 −0.796 16.41
model −5.06 2.94 −23 % −0.38 −0.51 −0.25
PM10 Annual
observed −1.50 1.84 −9 % −0.27 −0.50 −0.03 0.037 −0.221 3.35
model −1.08 1.16 −8 % −0.14 −0.30 0.02
PM10 DJF
observed −1.53 2.35 −9 % −0.29 −0.61 0.03 0.023 −0.12 4.01
model −2.40 3.04 −15 % −0.29 −0.73 0.14
PM10 JJA
observed 0.19 1.87 1 % −0.02 −0.31 0.27 0.295 −0.339 4.66
model 3.12 2.75 30 % 0.32 −0.06 0.70
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Figure 6. European and sub-regional normalised mean bias factors
for summertime (red) and wintertime (blue) sulfate aerosol mass
concentrations across all the years that data were available. The
solid line shows the median value, the boxes show the 25th and
75th percentile values with the error bars showing the maximum
and minimum values and the circles representing outliers (values
> 1.5× interquartile range).
aerosol which could account for 1–3 µg m−3 of aerosol mass
over Europe (Fagerli and Aas, 2008; Bellouin et al., 2011;
Pozzer et al., 2012). This could be particularly important
in reducing the model bias in winter and over northern and
north-western Europe where nitrate concentrations are antic-
ipated to be largest. The reductions in SO2 emissions and in-
crease in NH3 emissions across Europe over the last 30 years
(Fig. 2) could have important impacts on aerosol composi-
Figure 7. Annual (black), summertime (red) and wintertime (blue)
trends in modelled and observed sulfate aerosol mass concentra-
tions (µg S m−3 yr−1) at each individual monitoring location over
their operational period between 1978 and 2009.
tion (Fagerli and Aas, 2008). In historical periods with high
SO2 emissions, sulfate aerosol dominates and nitrate concen-
trations are likely to be small. In the recent past and in the fu-
ture, declines in SO2 and sulfate aerosol mass, coupled with
an increase in NH3 emissions, may lead to increased nitrate
aerosol concentrations. Inclusion of nitrate aerosol would re-
duce the model bias in PM10 concentrations over more re-
cent years but would have a smaller fractional impact in the
1980s–1990s due to the dominance of sulfate concentrations.
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Figure 8. Annual mean SPM mass concentrations (µg m−3) from the lowest model level with observations overplotted in circles for (a)
1980 and (b) 1990. (d) and (e) are the same as (a) and (b) but for PM10 mass concentrations in 2000 and 2009. A time series of annual and
seasonal mean observed (solid lines) and modelled (dashed lines) (c) SPM and (f) PM10 concentrations averaged across all measurement
locations for each particular year. Shaded areas show ±1 standard deviation of the modelled (light grey) and observed (dark grey) annual
mean values, with the hatching identifying areas of overlap.
The model also does not include primary biological aerosol
sources, which may contribute 1–2 µg m−3 to PM10 mass
over Europe (Heald and Spracklen, 2009); the contribution
to D> 10 µm is not known.
Uncertainty in aerosol precursor emissions will also con-
tribute to the model–observation discrepancy. In particular,
domestic wood burning and wildfires could contribute up
to 50 % of OC locally over Europe and may be underesti-
mated in emission data sets (Hodzic et al., 2007; Langmann
et al., 2008; Manders et al., 2012). The calculation of SOA
is also a large uncertainty, particularly the proportions from
anthropogenic and biogenic sources. Global aerosol models
typically underpredict the amount of organic aerosols in the
atmosphere (Tsigaridis et al., 2014), particularly from an-
thropogenic sources (Volkamer et al., 2006; Farina et al.,
2010; Spracklen et al., 2011). Anthropogenic sources (or an-
thropogenically modified biogenic sources) that are not ac-
counted for here may contribute up to 3 µg m−3 of SOA over
Europe (Spracklen et al., 2011).
Nevertheless, even using the upper estimates of some of
these potential missing sources, there still appears to be a
model underprediction of total aerosol mass particularly dur-
ing the early period (1980–1990), suggesting that additional
sources or processes are missing within the model or that re-
moval processes are overestimated.
3.2.3 Aerosol size distribution
Figure 11a–c compare simulated and observed annual mean
surface aerosol number concentrations averaged over the pe-
riod 2008–2009 for particles with dry diameter greater than
30, 50 and 100 nm. The model underestimates the observed
aerosol number concentrations for all size fractions, with
a slightly larger model bias for larger size particles (N100
NMBF =−0.96; N50 NMBF =−0.65; and N30 NMBF
=−0.85). The model substantially underestimates aerosol
number concentrations over all size fractions at the high lat-
itude Arctic monitoring locations of Pallas and Zeppelin. In
addition, simulated aerosol number concentrations are under-
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Figure 9. European and sub-regional normalised mean bias factors for summertime (red) and wintertime (blue) (a) SPM and (b) PM10
mass concentrations across all the years that data were available. The solid line shows the median value, the boxes show the 25th and
75th percentile values with the error bars showing the maximum and minimum values and the circles representing outliers (values > 1.5×
interquartile range).
Figure 10. Calculated annual (black), summertime (red) and wintertime (blue) linear trends in modelled and observed (a) SPM and (b) PM10
mass concentrations (µg S m−3 yr−1) at each individual monitoring location over their operational period between 1978 and 2002 for SPM
and between 1996 and 2009 for PM10.
estimated to a larger extent at the more polluted, central Eu-
ropean monitoring sites of Ispra, Preila, Bösel and K-Puszta.
The model is able to reproduce the observed aerosol num-
ber concentrations within a factor of 2 at the majority of Eu-
ropean monitoring locations, which is in agreement with the
recent intercomparison and evaluation of global aerosol mi-
crophysical models (Mann et al., 2014). In addition, Mann
et al. (2014) also found that all of the evaluated models un-
derestimated aerosol number concentrations in the Arctic.
This suggests that N50 concentrations (a proxy for CCN
concentrations) are slightly underpredicted by the model in
the present day but have declined across Europe (Fig. 4b)
by 50 % since the 1970s, with a large potential impact on
the European radiative balance. However, over the more re-
cent period of 2001–2010 no discernible trend was found in
aerosol number concentration by Asmi et al. (2013) across
three central European monitoring sites.
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Figure 11. Annual mean observed vs. simulated aerosol number concentrations for (a) N30 (particles greater than 30 nm diameter), (b) N50
(> 50 nm) and (c) N100 (> 100 nm) at monitoring sites across Europe.
3.2.4 Aerosol optical depth
Figure 12a, b compare simulated and observed annual mean
AOD at 440 nm in 2000 and 2009. The largest simulated and
observed AOD occurs over eastern and south-eastern Europe.
The model is relatively unbiased against annual mean AOD
(NMBF =−0.013). The model captures the observed sea-
sonal cycle in European AOD with the highest AOD in the
summer and lowest in the winter but overestimates winter-
time AOD (NMBF= 0.258) and underestimates summertime
AOD (NMBF =−0.167) (Table 4). These seasonal biases
are of opposite sign to those for sulfate and PM10. How-
ever, we note that simulation of AOD requires information
on aerosol optics, aerosol size distribution and atmospheric
humidity, meaning it is difficult to relate to comparisons of
surface aerosol mass.
Observed and simulated AOD has declined over the pe-
riod 2000–2009 (Fig. 12c). Table 4 shows that at the
three monitoring locations with the longest data records
(9–10 years), simulated and observed AOD has declined
by a similar magnitude (11–14 %) but AOD is underes-
timated by the model (NMBF =−0.296). The observed
AOD trend at the three long-term sites in the period 2000–
2009 is −0.007± 0.004 yr −1 and is similar to that mod-
elled of −0.006± 0.0008 yr−1 (Table 4). The trend in ob-
served wintertime AOD (−0.006± 0.002 yr−1) is well cap-
tured by the model (−0.007± 0.002 yr−1). The larger ob-
served summertime trend of −0.014± 0.003 yr−1 is under-
estimated (−0.005± 0.002 yr−1). The ability of the model to
reproduce the decline in AOD is similar for sulfate and PM10.
3.2.5 Surface solar radiation
Figure 13 shows simulated and observed annual mean all-sky
SSR anomalies across Europe between 1960 and 2009, rel-
ative to a 1980–2000 mean. The long-term mean was based
on the period 1980–2000, considered to be the period with
the most reliable observations. Evaluation of SSR has been
split into three distinct time periods (1960–1974, 1975–1989
and 1990–2009) based on the changes in the observed all-sky
SSR values (Table 5). The observed SSR anomaly is gener-
ally positive and relatively constant in the period 1960–1974.
There is a decrease in observed SSR from 1975 until the late
1980s, after which a strong increase in SSR is observed from
1990 to 2009.
Between 1990 and 2009 both the observed and simulated
European SSR increases by 5.8 and 4.0 W m−2 respectively
with similar positive linear trends (0.37–0.32 W m−2 yr−1;
Table 5). The highest spatial correlation (r2= 0.90) be-
tween modelled and observed SSR values occurs in the pe-
riod 1990–2009, whereas the bias (NMBF = 0.04) and er-
ror (RMSE = 8.0) in SSR are similar to that in 1975–1989.
An evaluation of seasonal mean modelled and observed SSR
also showed small differences in the NMBF over each season
for all time periods, although RMSE is larger and the spa-
tial correlation is smaller in summer. The positive SSR trend
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Table 4. Statistical summary of modelled and observed annual and seasonal (DJF and JJA) mean AOD at all long-term (> 7 years of
data) measurement sites (13 sites) between 2000 and 2009. A similar comparison is presented at the three measurement locations that
contain annual mean observations throughout every year between 2000 and 2009 (AOD , three sites). Absolute and relative (%) changes in
concentrations are calculated as the difference between the mean of the initial 5 years of data minus the mean of the last 5 years of data.
Trends that are above or below the value of twice of the standard error of the trend (95 % confidence) are highlighted in bold.
Component Type Absolute Standard deviation % Change Calculated −2* SE +2* SE r2 NMBF RMSE
change of mean value in AOD linear trend of trend of trend
in AOD (AOD yr−1)
AOD observed −0.03 0.022 −12 % −0.0061 −0.009 −0.003 0.031 −0.013 0.026
model −0.006 0.014 −2 % 0.00005 −0.003 0.003
AOD 3 Sites observed −0.03 0.037 −11 % −0.007 −0.014 −0.001 0.011 −0.296 0.066
model −0.03 0.019 −14 % −0.006 −0.007 −0.004
AOD DJF observed −0.024 0.026 −13 % −0.0063 −0.010 −0.002 0.024 0.258 0.050
model −0.040 0.027 −16 % −0.0074 −0.011 −0.004
AOD JJA observed −0.072 0.047 −23 % −0.014 −0.019 −0.008 0.039 −0.167 0.053
model −0.030 0.021 −12 % −0.005 −0.008 −0.002
Figure 12. Annual mean AOD at 440 nm with observations from the AERONET sites overplotted for (a) 2000 and (b) 2009. (c) Time
series of monthly and seasonal mean observed (solid lines) and modelled (dashed lines) AOD at 440 nm averaged across all measurement
locations. (d) European NMBFs of AOD for annual (orange), summertime (red) and wintertime (blue) across all the years and sites that data
were available. The annual NMBF for the three sites with the longest continuous record (> 9 years) is shown in yellow.
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Table 5. Statistical summary of simulated and observed annual mean SSR for three different time periods (1960–1974, 1975–1989 and
1990–2009) at the 20 measurement sites across Europe which have a continuous 50-year data record. Absolute and relative (%) changes in
SSR are calculated as the difference between the mean of the initial 5 years of data minus the mean of the last 5 years of data for the time
period considered. Trends that are above or below the value of twice of the standard error of the trend (95 % confidence) are highlighted in
bold.
Type Time period Absolute Standard deviation % Change Calculated −2* SE +2* SE r2 NMBF RMSE
change in of mean value in SSR linear trend of trend of trend
SSR (W m−2) (W m−2 yr−1)
observed
1960−1974
−0.79 2.40 −1 −0.011 −0.309 0.286 0.838 0.002 7.72
model + ARE −1.67 1.89 −1 −0.088 −0.317 0.141
model − ARE −0.20 2.12 −0.2 0.069 −0.237 0.376 0.748 0.045 11.04
observed 1975−1989 −2.24 3.42 −2 −0.259 −0.658 0.140 0.803 0.029 8.43
model + ARE 3.12 3.06 3 0.304 −0.036 0.643
model − ARE 1.89 3.50 1.6 0.187 −0.191 0.564 0.757 0.063 11.84
observed
1990−2009
5.78 3.47 5 0.369 0.153 0.584 0.896 0.043 8.00
model + ARE 3.98 3.04 3 0.316 0.125 0.507
model − ARE 0.27 2.92 0.2 0.09 −0.185 0.366 0.828 0.053 10.23
Figure 13. Observed (black line) and simulated (red line) European
annual mean all-sky SSR anomalies (Wm−2) relative to a 1980–
2000 average. Simulated all-sky SSR not including aerosol radiative
effects (ARE) is also shown (orange line). Values are calculated as
the average across all measurement locations within Europe (see
Fig. 1). The standard deviation of the annual mean for each year
is shown by the shaded areas of dark grey for the observations and
light grey for the model with the hatching representing where the
areas overlap.
(brightening) observed between the late 1980s and 2009 is
reproduced by the model, but simulated brightening begins
several years earlier than observed. The positive trend in
SSR anomaly across Europe from the mid-1980s to present
day corresponds with the observed and simulated decrease
in aerosol concentrations. Figure 13 also shows the mod-
elled all-sky SSR anomalies without aerosol radiative effects
(ARE). Without ARE the simulated trend in SSR is underes-
timated (0.09± 0.14 W m−2 yr−1), suggesting that changes
in aerosol concentrations are a dominant driver of SSR trends
during this period. The simulated positive trend in SSR in-
cluding ARE presented here is in agreement with other stud-
ies over this period (Wild, 2009; Allen et al., 2013; Sanchez-
Lorenzo et al., 2013; Chiacchio et al., 2015).
In the period 1975–1989, both the modelled and ob-
served SSR anomalies are generally negative, which coin-
cides with the maximum anthropogenic emissions and at-
mospheric aerosol loading. Over this period the observed
SSR decreases by an average of 2.2 W m−2, whilst simulated
SSR increases by 3.1 W m−2 (Table 5). A similar discrep-
ancy in sign and magnitude is also apparent in the linear
trends of the model (0.30± 0.17 W m−2 yr−1) and observa-
tions (−0.26± 0.20 W m−2 yr−1). This reflects the model’s
inability to simulate the timing and magnitude of the ob-
served dimming trend in SSR values between 1975 and 1989
(Fig. 13). Over this period the simulated and observed SSR
values have a lower correlation (r2= 0.80) and larger er-
ror (RMSE = 8.43) than the 1990–2009 period, indicating a
slightly poorer representation by the model. The model with-
out ARE also shows similar disagreements (Table 5), poten-
tially indicating that errors in the simulation of aerosol are
not causing simulated discrepancy in SSR during this period.
Over the period 1960–1974, simulated European an-
nual mean SSR remained relatively constant (Fig. 13) and
is of a similar magnitude (Table 5) to that observed.
Over this period the observed SSR anomalies are posi-
tive (compared to a 1980–2000 mean), whilst the mod-
elled SSR anomalies are negative. The small observed trend
of −0.01± 0.15 W m−2 yr−1 over the period 1960–1974
is overestimated by the model (−0.09± 0.11 W m−2 yr−1).
The stronger simulated negative trend in SSR between 1960
and 1974 indicates that the dimming observed in the period
1974–1989 occurs too early in the model. The model with-
out ARE does not show a dimming trend over this period (but
does have a large uncertainty; Table 5), which implies that the
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Figure 14. European normalised mean bias factors for sulfate
aerosol mass, SPM mass, PM10 mass, AOD and SSR across all the
years where data were available (see Tables 2–5) and separately for
the period 2000–2009. The solid line shows the median value, the
boxes show the 25th and 75th percentile values with the error bars
showing the maximum and minimum values and the circles repre-
senting outliers (values > 1.5× interquartile range).
discrepancy in the SSR trend could be due to uncertainties in
simulated aerosols.
Understanding the discrepancy in simulated SSR prior to
1980 is difficult because aerosol observations are not avail-
able. Possible causes of model discrepancy include errors
in simulated aerosol, problems with the observations, or the
ECMWF reanalysis product. With regards to observational
uncertainties, there were fewer observations of SSR before
1970 (Fig. 3) and there is also a larger correction factor as-
sociated with data from the available sites (Sanchez-Lorenzo
et al., 2013). This suggests that observational error may be
larger in the early period. Prior to 2000, the model is forced
by the ERA-40 reanalysis. ERA-40 was improved in the
1970s by the inclusion of additional measurements, most no-
tably from satellites (Uppala et al., 2005). Larger errors in
the reanalyses prior to 1980 (Uppala et al., 2005) could cause
errors in the generation of clouds by the host GCM (global
circulation model), which would affect simulated SSR.
3.2.6 Evaluation summary
Figure 14 summarises the comparison between simulated
and observed sulfate, SPM, PM10, AOD and SSR across Eu-
rope separately for their entire operational period and also for
the period 2000–2009 (when PM10 and AOD observations
are available). The model underpredicts SPM, PM10 and sul-
fate aerosol mass over both periods. The largest underpre-
diction occurs for SPM (1978–1998, NMBF =−0.88), with
smaller underpredictions for sulfate (1978–2009, NMBF
=−0.38) and PM10 (1997–2009, NMBF =−0.22). Simu-
lated European annual mean SSR has a smaller model bias
(1960–2009, NMBF = 0.02). Over the period 2000–2009,
the model has comparatively small biases in AOD (NMBF
Figure 15. Taylor diagram comparing simulated and observed Eu-
ropean sulfate mass concentrations, SPM, PM10, AOD and SSR.
Comparisons are made across all the years where observations are
available. We additionally show results for the period 2000–2009,
where sulfate, PM10, AOD and SSR are consistently available. For
AOD, we separately plot the three locations with the longest obser-
vational record. For SSR we also plot the three different time peri-
ods (1960–1974, 1975–1989, 1990–2009). Correlation coefficients
are plotted against the observed standard deviations normalised rel-
ative to the simulated standard deviation.
=−0.013) and SSR (NMBF = 0.036) but larger biases for
sulfate (NMBF =−0.71) and PM10 (NMBF =−0.22). The
model also underestimates aerosol number concentrations
across the N30 (NMBF =−0.85), N50 (NMBF =−0.65)
and N100 (NMBF =−0.96) size fractions in 2008–2009.
Underestimation of annual and seasonal mean surface sul-
fate, PM10 and aerosol number concentration is therefore not
manifested in the simulation of the annual and seasonal cycle
of AOD or SSR. Calculation of AOD requires information
on the aerosol vertical profile, aerosol optics, aerosol size
distribution and atmospheric humidity. Simulation of SSR
strongly depends on model representation of clouds. A di-
rect comparison of model performance in simulating surface
aerosol mass with AOD or SSR is therefore complicated.
Figure 15 shows the spatial correlation and variability (rep-
resented by the standard deviation in observed values nor-
malised to the modelled values, SDobs / SDmod) in sulfate,
SPM, PM10, AOD and SSR. In general, SSR and sulfate are
better simulated in terms of spatial correlation and variabil-
ity, with poorer model simulation of SPM, PM10 and AOD.
The observed negative trends in sulfate, PM10 and AOD
(−0.05 µg S m−3 yr−1,−0.27 µg m−3 yr−1 and−0.007 yr−1)
are all well reproduced by the model (−0.04 µg S m−3 yr−1,
−0.14 µg m−3 yr−1 and−0.006 yr−1). Over the period 1990–
2009, observed trends in SSR (0.37 W m−2 yr−1 ) are also
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Table 6. Global and European shortwave top of atmosphere all-sky
and clear-sky aerosol RF, relative to a 1980–2000 mean. Values for
1972 are included as this is when the simulated minimum aerosol
RF occurs over Europe. For comparison we include global carbon
dioxide RF (relative to 1750) from the IPCC fifth assessment report
(Myhre et al., 2013).
Year All-sky aerosol Clear-sky aerosol Estimates of CO2 RF
RF (W m−2) RF (W m−2) (Myhre et al., 2013)
Global Europe Global Europe Global
1960 +0.9 +0.8 +0.4 +0.2 +0.7
1970 −0.1 −1.0 +0.01 −0.1 +0.9
1972 −0.1 −1.4 +0.2 −1.6 NA
1980 −0.4 −0.6 +0.01 −0.5 +1.1
1990 +0.01 +0.1 +0.04 −0.1 +1.3
2000 +0.4 +1.7 −0.1 +1.1 +1.5
2009 +0.3 +2.1 +0.1 +1.9 +1.8
well simulated by the model when ARE are included
(0.32 W m−2 yr−1), but poorly simulated when ARE are ex-
cluded (0.09 W m−2 yr−1). This confirms that being able to
simulate the decline in aerosol concentrations over Europe is
important for reproducing the observed brightening trend in
SSR between 1990 and 2009. Prior to 1990, the model does
not simulate trends in SSR as well but few aerosol obser-
vations are available to determine the reason for model fail-
ure, which could be caused by issues with simulated aerosol,
clouds or with the observations.
4 European aerosol radiative forcing trends
Figure 16 shows the changes in simulated European mean
top of atmosphere (TOA) outgoing radiation, relative to a
1980–2000 mean, under all-sky (Fig. 16a) and clear-sky con-
ditions (Fig. 16b) with the numbers presented in Table 6.
Here we define this difference in TOA radiation as a radia-
tive forcing (RF) between the current year and the long-term
mean state. European mean all-sky RF (Fig. 16a) decreases
by > 2.0 W m−2 (cooling trend) over the period 1960–1972,
corresponding to the increase in simulated aerosol loading.
From 1973 to 2009, European mean all-sky radiation in-
creases by > 3.0 W m−2 (warming trend), corresponding to
the simulated reduction of aerosols. All-sky RF showed the
largest increase of 6.0 W m−2 over central Europe between
1973 and 2009, which is consistent with this region having
experienced the largest change in anthropogenic emissions
(Fig. 2) and aerosol concentrations (Fig. 8). Other regions of
Europe have a similar temporal change but with a smaller
magnitude.
The simulated clear-sky aerosol TOA RF (Fig. 16b) is
similar to that simulated under all-sky conditions. Euro-
pean mean clear-sky RF decreased by > 1.5 W m−2 between
1960 and 1972 (cooling) and from 1973 to 2009 it increased
by > 3.0 W m−2 (warming). Marmer et al. (2007) reported
a similar change of +2.0 W m−2 in the direct shortwave
RF from sulfate aerosols over Europe between 1980 and
2000. This indicates the strong influence directly exerted
by aerosols on the European radiative balance in response
to changes in anthropogenic emissions. An estimate of the
cloud albedo effect is obtained as the difference between
the all-sky and clear-sky RF. Over the period 1973–2009,
the cloud albedo effect is estimated to have increased by
0.44 W m−2 (warming), indicating that it is a relatively small
change when compared to that from the direct effect.
The changes in aerosol RF we simulate over Europe
are slightly larger than those calculated for the USA by
Leibensperger et al. (2012) of approximately +1 W m−2 for
the direct effect and+1 W m−2 for the indirect (first and sec-
ond) effects. The smaller changes in aerosol RF reported by
Leibensperger et al. (2012) are possibly related to the smaller
reductions in sulfate aerosol mass concentrations observed
over the USA of ∼ 0.8 µg S m−3 (40 %) when compared to
those observed over Europe of 1.2 µg S m−3 (70 %).
The calculated changes in all-sky TOA RF indicate the ex-
tent to which changes in anthropogenic emissions over the
last 50 years have affected the European radiative balance.
Reductions in anthropogenic aerosols have resulted in a pos-
itive response in the European radiative balance. We estimate
that the magnitude of these emission reductions has caused
European mean all-sky RF to increase by > 3.0 W m−2 be-
tween the mid-1970s and 2009, mainly due to the direct
aerosol effect (as shown by similar changes in the clear-sky
RF). Table 6 shows that the change in European mean aerosol
RF is much larger than the change in global mean aerosol RF
of +0.4 W m−2. Shindell et al. (2013) reported a multimodel
evaluation of aerosol RF over the period 1850–2100, with
six of the nine models reporting a positive increase in global
mean aerosol RF between 1980 and 2000, qualitatively simi-
lar to the results presented here. At the global scale, our sim-
ulated change in all-sky aerosol RF between 1970 and 2009
is ∼ 40 % of the magnitude of change in global CO2 radia-
tive forcing over the same period. At the European scale, the
simulated change in all-sky aerosol RF is more than 3 times
the change in global mean CO2 RF. This indicates the large
regional impact that decreasing aerosol concentrations have
had on the radiative balance and climate over Europe com-
pared to other forcing agents.
The agreement between the model and observations in the
changes in aerosols and in the brightening period of the sur-
face radiation balance between the 1990 and 2009 improve
our confidence in the magnitude and temporal change of the
simulated TOA RF over this period when most of the change
occurs (2.0 W m−2). Future work needs to explore the poten-
tial climate implications from these changes to the radiative
balance. It will be important to understand the role of Euro-
pean air quality legislation in observed emission reductions
as this may have important implications when considering
the impact of future air quality mitigation measures on cli-
mate.
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Figure 16. European and sub-regional top of atmosphere aerosol radiative forcing (Wm−2), relative to a 1980–2000 average, under (a)
all-sky and (b) clear-sky conditions. European regions are as defined in Fig. 1
5 Conclusions
We used the HadGEM3-UKCA coupled chemistry–climate
model to simulate changes in aerosols between 1960 and
2009, a period over which anthropogenic sources of aerosol
changed substantially. We evaluated the model against Euro-
pean observations of sulfate aerosol mass, total SPM, PM10
mass concentrations, aerosol number concentrations, AOD
and surface SSR. We also calculated the impact of changes
in atmospheric aerosols on European aerosol radiative forc-
ing.
The model underpredicts sulfate aerosol mass concentra-
tions (NMBF =−0.4), SPM (1978–1998, NMBF =−0.9)
and PM10 (1997–2009, NMBF =−0.2). In addition, the
model underpredicts present-day aerosol number concen-
trations over the size fractions of N30 (NMBF =−0.85),
N50 (NMBF =−0.65) and N100 (NMBF =−0.96). Un-
derestimation of aerosol number and mass could be due
to uncertainties in the observations (Tørseth et al., 2012),
an overestimation of deposition processes or underestimated
sources of PM including nitrate, anthropogenic SOA, domes-
tic biomass combustion, dust and primary biological aerosol
particles. The larger underestimation of particles with diam-
eters> 10 µm suggests that the sources of such particles may
be more uncertain and are not well treated by the model. The
model particularly underestimates sulfate in winter and over
northern Europe potentially due to an under-representation of
the in-cloud oxidation of sulfur species to sulfate via reaction
with ozone or an enhanced wet deposition rate, caused by ar-
tificial high drizzle precipitation. Biases in simulated AOD
(2000–2009, NMBF =−0.01) are smaller than for surface
aerosol concentrations. Calculation of AOD requires infor-
mation on the aerosol vertical profile, aerosol optics, aerosol
size distribution and atmospheric humidity and complicates
any direct comparison between surface aerosol mass and
AOD.
Observed trends in surface aerosol mass and AOD were
generally well represented by the model. Sulfate aerosol
mass declines by 68 % in the observations and by 78 % in
the model between 1978 and 2009, consistent with the de-
crease in SO2 emissions over Europe. The observed Euro-
pean annual mean SPM decreased by 42 % between 1978
and 1998, compared to a simulated decrease of 20 %. Be-
tween 1997 and 2009 PM10 mass concentrations decreased
by 9 % in the observations and by 8 % in the model. Between
2000 and 2009 AOD decreased by 11 % in the observations
and by 14 % in the model at observation sites with more than
9 years of data.
The all-sky European SSR was shown to increase be-
tween 1990 and 2009 in both the model (4.0 W m−2) and
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observations (5.8 W m−2) (brightening). In the model sim-
ulation where aerosol radiative effects were excluded, Euro-
pean all-sky SSR increased by only 0.3 W m−2. This compar-
ison suggests that observed brightening post-1990 is driven
by changes in aerosol that are well captured by the model.
Accounting for changes to aerosols is therefore important
to reproduce the European brightening trend from 1990 to
2009.
Prior to 1990, there are discrepancies between observed
and simulated all-sky SSR anomalies. Specifically, the model
is unable to reproduce the magnitude and timing of the ob-
served reduction in SSR values (dimming). These errors in
SSR coincide with the largest model bias in observed SPM
concentrations between 1978 and 1980 (Fig. 8c), but the lack
of extensive aerosol observations prior to 1980 prevents iso-
lation of the cause of this model observational discrepancy in
SSR. Possible reasons include errors in simulated aerosols,
errors associated with the meteorological reanalysis fields,
and issues with the measurement data (less SSR observations
were available before 1970).
From the peak in aerosol loading in the early 1970s, Eu-
ropean all-sky aerosol TOA radiative forcing has increased
by > 3.0 W m−2, due to a reduction in the aerosol cooling
effect. Changes in European mean RF are mainly due to
changes in the direct aerosol effect, as shown by the similar-
ity between clear-sky and all-sky RF. The largest RF is over
central Europe (+6.0 W m−2), which has seen the largest
change in anthropogenic emissions and aerosol concentra-
tions. The change in European mean aerosol RF is much
larger than that globally and also 3 times as large as the
change in global mean CO2 RF over the period 1970–2009.
Our evaluation showed that the model is able to reproduce
the observed changes in SSR over the period 1990–2009,
during which two-thirds of the simulated change in RF oc-
curred (2.0 W m−2). Our evaluation therefore provides con-
fidence in the simulated changes of TOA RF. The reductions
in anthropogenic aerosol emissions over this period have re-
sulted in a positive response in the radiative balance over Eu-
rope, which may have contributed to increasing temperatures
across Europe (Philipona et al., 2009). The RFs simulated
in this work are similar in magnitude to those reported by
Marmer et al. (2007) over Europe and by Leibensperger et al.
(2012) over the USA. The change in anthropogenic aerosol
emissions over the period 1970–2009, in part due to mea-
sures to improve air quality, has led to a considerable re-
duction in the concentrations of aerosols over Europe. This
decrease in aerosols has reduced the aerosol radiative cool-
ing effect over Europe. Attempts to improve European air
quality over the last 30–40 years have potentially had non-
negligible impacts on European climate (Arneth et al., 2009;
Philipona et al., 2009; Ramanathan and Feng, 2009; Fiore
et al., 2012) and should be the subject of future study. These
air quality–climate interactions should be considered when
designing any future measures to improve air quality and mit-
igate climate change.
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